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Abstract 1 

 2 

Since the advent of plate tectonics, it has been speculated that the northern 3 

extension of the East Pacific Rise, specifically its mantle source, has been over-4 

ridden by the North American Plate in the last 30 Myrs. Consequently, it has also 5 

been postulated that the opening of the Gulf of California, the extension in the Basin 6 

and Range province, and the uplift of the Colorado Plateau are the resulting 7 

continental expressions of the over-ridden mantle source of the East Pacific Rise. 8 

However, only qualitative models based solely on surface observations and heuristic, 9 

simplified conceptions of mantle convection have been used in support or against 10 

this hypothesis. We introduce a quantitative model of mantle convection that 11 

reconstructs the detailed motion of a warm mantle upwelling over the last 30 Myrs 12 

and its relative advance towards the interior of the southwestern USA. The onset 13 

and evolution of the crustal uplift in the central Basin and Range province and the 14 

Colorado Plateau is determined by tracking the topographic swell due to this mantle 15 

upwelling through time. We show that (1) the extension and magmatism in the 16 

central Basin and Range province between 25 and 10 Ma coincides with the 17 

reconstructed past position of this focused upwelling, and (2) the southwestern 18 

portion of the Colorado Plateau experienced significant uplift between 10 Ma and 5 19 

Ma that progressed towards the northeastern portion of the plateau. These uplift 20 

estimates are consistent with a young, ca. 6 Ma, Grand Canyon model and the 21 

recent commencement of mafic magmatism. 22 

 23 



1. Introduction 24 

 25 

The Colorado Plateau is part of the Rocky Mountain orogenic plateau bounded by 26 

the Basin and Range province to the west and south, the Rio Grande rift and the Great 27 

Plains to the east and the southern and central Rocky Mountain orogen to the northeast 28 

and north (see Fig. 1a) [e.g. McMillan et al., 2000]. At the end of the Cretaceous the 29 

Colorado Plateau, as well as the Great Plains of the USA, was covered by a shallow sea 30 

(the Western Interior Seaway).  31 

Today, the Late Cretaceous marine strata of the Western Interior Seaway rest at a 32 

mean elevation of about 2 km above sea level atop the Colorado Plateau – thus 33 

constraining the amount of post-Cretaceous uplift [Spencer, 1996]. Unlike the Rocky 34 

Mountain orogen, there is no evidence of significant crustal shortening for the Colorado 35 

Plateau to account for its present-day elevation. Approximately 600 m of the 2 km 36 

elevation gain is due to isostatic support of Cretaceous sediments associated with 37 

subduction-controlled continental tilting [Mitrovica et. al, 1989] and long-term 38 

lithospheric buoyancy may account for an additional 300 m [Spencer, 1996]. The 39 

remaining uplift of this region has been the focus of considerable debate, with separate 40 

arguments for early-to-middle Cenozoic uplift versus middle-to-late Cenozoic (post 30 41 

Ma) uplift. The early-to-middle Cenozoic uplift of the Western U.S. is generally 42 

attributed to a mechanism that modifies, or delaminates, the underlying lithosphere by 43 

low angle or "flat slab" subduction of the Farallon plate beneath the North American 44 

plate [Bird, 1988; Zandt et al., 1995] or the hydration of the lithosphere by de-watering of 45 

the Farallon slab [Humphreys et al., 2003]. In this regard, we note that recent 46 

tomographic imaging of mantle structure below La RISTRA seismic array reveals the 47 



presence of a warm mantle anomaly underneath the Colorado Plateau [Sine et al., 2008], 48 

and this anomaly is interpreted in terms of upward, passive return flow generated by the 49 

foundering of the Farallon slab at about 40-20 Ma [Humphreys et al., 2003]. Advocates 50 

of middle-to-late Cenozoic tectonic evolution of the Western US Cordillera, including the 51 

Colorado Plateau, invoke a mantle plume [e.g. Wilson, 1973; Jacobs et al., 1974; Dixon 52 

and Farrar, 1980; Fitton et al., 1991; Parsons et al., 1994]. A recent geodynamic model of 53 

present-day flow [Moucha et al., 2008a] driven by density variations derived from a 54 

recent, high-resolution seismic tomography model TX2007 [Simmons et al., 2009] 55 

demonstrates that the Colorado Plateau currently overlies a strong mantle upwelling. The 56 

resulting topographic swell of 500 m coincides well with the physiographic extension of 57 

the Colorado Plateau.  58 

There is consensus that the uplift of the Colorado Plateau followed a southwest-to-59 

northeast progression [e.g. Sahagian et al., 2002; McMillan et al., 2006; Flowers et al., 60 

2008; Karlstrom et al., 2008; Polyak et al., 2008]. However, while various paleoaltimetry 61 

methods have been utilized to constrain the timing of uplift, little consensus has emerged 62 

on this issue. Paleobotanical approaches to paleoaltimetry of the Western US estimate 63 

that the Florissant region in the southern Rocky Mountain orogen immediately north of 64 

the Colorado Plateau was at its current elevation by 30 Ma [Wolf et al., 1998]. In 65 

contrast, paleoelevations derived from vesicular basalts suggest a significant surface 66 

uplift (~1.9 km) of the Colorado Plateau that began in the Neogene (25 Ma) and 67 

accelerated to present day [Sahagian et al., 2002]. However, this model of recent, rapid 68 

uplift has been challenged by Pederson et al. [2002], who invoked an erosional isostasy 69 

model to account for the recent uplift the Colorado Plateau. 70 



A recent apatite (U-Th)/He thermochronometry study [Flowers et al., 2008] infers a 71 

complex history of regional uplift and denudation associated with rock uplift across the 72 

southwestern Colorado Plateau. Surface uplift is inferred from km-scale incision of 73 

northeast flowing early to mid (>28Ma) Tertiary drainages across the rim and 74 

westernmost interior of the Colorado Plateau. Subsequent drainage reversal led to 75 

significant denudation of this part of the Colorado Plateau in late mid and late Tertiarty 76 

(<10 Ma) but the relationship to rock uplift is less clear. Estimates of Grand Canyon 77 

incision rates and relative vertical displacement across Neogene faults of the Colorado 78 

Plateau-Basin and Range transition support a younger than 6 Ma Grand Canyon and a 79 

recent uplift of the Colorado Plateau [Karlstrom et al., 2008]. Similarly, erosional 80 

isostasy modeling that utilized a younger datum and a larger area than Pederson et al. 81 

[2002] also suggest that the Colorado Plateau experienced an uplift of up to 750 m in the 82 

last 8 Myrs [McMillan et al., 2006].  83 

 84 

2. Tomography Based Mantle Flow Model 85 

 86 

In this study we directly address this ongoing controversy by modeling the temporal 87 

evolution of mantle flow with a focus on the southwestern US. We quantify its effect on 88 

surface topography over the last 30 Myrs, in particular, the onset of uplift of the Colorado 89 

Plateau and adjacent regions. We present results from a global time-dependent numerical 90 

model of topography that is supported by convectively maintained vertical stresses 91 

generated by viscous-flow in the mantle (henceforth termed dynamic topography). These 92 

vertical stresses originate from buoyancy forces residing in both the lithosphere and the 93 



mantle. The globally distributed present-day mantle and lithospheric density variations 94 

are inferred from joint seismic-geodynamic inversions that include mineral physical 95 

constraints on the scaling of seismic-shear wave speed to density [Simmons et al., 2009]. 96 

A significant result of the joint seismic-geodynamic inversions is that the inferred 97 

scalings vary in all three dimensions and thus contain the crucially important effects of 98 

intrinsic changes in mantle chemistry and possible partial melting on density. These 99 

effects yield cratonic roots with near-neutral buoyancy and reductions of buoyancy in 100 

anomalously hot regions in the shallow mantle. The final density model, termed TX2007, 101 

provides an excellent fit to present-day geodynamic observables while preserving 102 

excellent fit to global seismic data. Specifically, the mantle convection simulation driven 103 

by this model yield a fit to the observed free-air gravity, residual topography, and plate 104 

divergence (up to spherical harmonic degree 16) to a variance reduction of 90%, 94%, 105 

and 76%, respectively. The seismic travel time constraints are satisfied to within 96%. 106 

The convection simulation incorporates Newtonian rheology with a viscosity profile 107 

that is constrained by global joint inversions of convection-related surface observables 108 

and data associated with the response of the Earth to ice-age surface mass loading 109 

[Mitrovica and Forte, 2004]. This profile is labeled 'V1' (Fig. 2d). Since the evolution of 110 

dynamic topography is sensitive to adopted viscosity profile, we consider a second 111 

viscosity profile that has also been shown to fit geodynamic and ice age observations. 112 

'V2' is shown in Fig. 2c. Compared to V1, this second viscosity model is distinguished by 113 

a stiffer lithospheric mantle, a lower asthenospheric viscosity, the absence of a low 114 

viscosity notch at the base of the upper mantle, and a stiffer lower mantle (below 2000 115 

km depth).  116 



 117 

3. Evolution of Southwestern US Dynamic Topography and Mantle 118 

Flow 119 

 120 

The time-dependent reconstruction of dynamic topography is obtained via 121 

"backward" global mantle convection simulations. We adopt the approach used in 122 

Moucha et al. [2008b] where the direction of buoyancy-induced flow in the mantle is 123 

numerically reversed by using negative time. To this end, the initial (present-day) 124 

temperature distribution is advected backwards using boundary conditions that are 125 

consistent with a new Indo-Atlantic plate reconstruction model in the no-net-rotation 126 

reference frame. Details of the numerical method can be found in Moucha et al. [2008b]. 127 

The inherently high resolution (~100 km) of our global geodynamic model enables us to 128 

quantify the role of mantle convection in the evolution of tectonic settings such as the 129 

southwestern US.  130 

Fig. 1 depicts the evolution of the southwestern US dynamic topography relative to 131 

30 Ma at 5 Myr intervals in a fixed North American reference frame. Specifically, only 132 

the changes in dynamic topography with respect to 30 Ma are shown, because the surface 133 

topography at 30 Ma is unknown. Both present-day and 30 Ma dynamic topography are 134 

shown in the supplementary section (Fig. S1). We emphasize that a change in dynamic 135 

topography corresponds to tectonic uplift (or subsidence) driven by mantle stresses. We 136 

do not include here the effect of rock-uplift driven by surface tectonics such as extension, 137 

or other surface effects such as erosion or deposition and their corresponding isostatic 138 

adjustments. The presentation of these results only accounts for the extension and 139 

tectonic re-organization of the southwestern US by incorporating the motion of individual 140 



blocks and regions according to a recent tectonic reconstruction [McQuarrie and 141 

Wernicke, 2005] addition to dynamic topography, Fig. 1 also shows the evolution of 142 

mantle heterogeneity (temperature variations) and the associated flow field along a radial 143 

cross-section that is fixed to the rigid North American plate across the Colorado Plateau 144 

and neighboring regions. From the temporal evolution along this cross-section, it is 145 

evident that a deep-seated warm mantle upwelling has been overridden by the westward 146 

motion of the North American plate in the Indo-Atlantic frame of reference. This mantle 147 

upwelling coincides with the location of the northern extension of the reconstructed 148 

position of the East Pacific Rise as first proposed by Menard [1960] and others [Wilson, 149 

1973; Jacobs et al. 1974; Dixon and Farrar, 1980; Eaton, 1987; Wilson 1988]. 150 

In the fixed North American frame of reference, the northeastward-migrating mantle 151 

upwelling was beneath the southwestern coast of the US at about 20 Ma, near the present-152 

day location of Los Angeles (Fig. 1b). At this time, the position of the upwelling also 153 

coincided with the past intersection of the Mendocino Transform Fault with the East 154 

Pacific Rise (the birth place of the Mendocino and Rivera triple junctions) [Dixon and 155 

Farrar, 1980]. According to these calculations, the southwestern coast of California and 156 

the Baja Peninsula were uplifted by this mantle upwelling between 20 and 15 Ma, (Fig. 157 

1c). This prediction agrees well with sediments cored from the Patton Ridge, located on 158 

the Outer Borderland block of California, that suggest that the ridge was uplifted and 159 

possibly exposed at sometime between 20-16 Ma [Marsaglia et al., 2006]. At about 15 160 

Ma, the central Basin and Range began a period of extension and mafic magmatism 161 

indicating a possible influx of warm mantle beneath the region [e.g. Fitton et al., 1991; 162 

Zandt et al., 1995]. The reconstructed mantle cross-section (Fig. 1c) reveals that the bulk 163 



of the warm upwelling mantle was indeed located beneath the central Basin and Range 164 

province at this time. As this mantle upwelling propagated eastward, the associated 165 

topographic swell began to uplift the southwestern edge of the Colorado Plateau at about 166 

10 Ma with a maximum uplift at about 5 Ma (Fig. 1d-e). This relatively recent increase in 167 

topography of the southwestern portion of the Colorado Plateau agrees well with the 168 

model of a 6 Myr old Grand Canyon proposed by Karlstrom et al. [2008] as well as the 169 

apparent west-to-east tilting of the Colorado Plateau [e.g. Sahagian et al., 2002; 170 

McMillan et al., 2006; Flowers et al., 2008; Polyak et al., 2008]. 171 

 172 

4. Dynamic Topography and the Colorado Plateau 173 

 174 

A detailed look at the change in the Colorado Plateau's dynamic topography is 175 

shown in Fig. 2. Since 30 Ma, vertical mantle flow has increased the dynamic topography 176 

of the Colorado Plateau by over a 1000 m in the south to no less than 600 m in the north 177 

(Fig. 2a). In the last 5 Myrs, a west-to-east gradient across the Grand Canyon has 178 

emerged due to the eastward progression of the mantle upwelling – the eastern block of 179 

the Grand Canyon was uplifted by about 200 m in comparison to the western block (Fig. 180 

2b). This is about half the amount of the uplift estimated from the differences in eastern-181 

versus-western Grand Canyon incision rates [Karlstrom et al., 2008]. The additional 182 

amount of uplift required to match this observation may be due to effects on topography 183 

that we are not modelling, such as erosional isostasy or lateral viscosity variations (i.e. 184 

locally reduced viscosity that may enhance the rate of uplift). Moreover, the eastward 185 

progression of the mantle upwelling towards the eastern edge of the Colorado Plateau and 186 



the Rio Grande rift region over the last 5 Myrs fits well with recent magmatic activity in 187 

this region whose trace element geochemistry suggest a mantle source that is similar to 188 

oceanic hotspots [McMillan et al., 2000]. 189 

Uncertainties in our geodynamic modeling originate from uncertainties in both the 190 

adopted density and mantle viscosity models [see supplementary information]. In Fig. 2c, 191 

we plot the evolution of the integrated average (over the Colorado Plateau) of dynamic 192 

topography for viscosity models 1 and 2 (see Fig. 2d) and two density models – one 193 

termed 'TX2007' and the other termed 'TX2009'. The TX2009 density model is essential a 194 

damped version of the TX2007 density model [Simmons et al., 2009]. That is, the 195 

TX2009 density model is inferred from inversions where the short wavelength mantle 196 

structure is more strongly damped. Therefore, the amplitude of the modeled dynamic 197 

topography is consequently decreased, as seen in (Fig. 2c).  198 

Comparison of the predicted dynamic topography for the two viscosity models 199 

suggests that our predictions are only slightly sensitive to variations in viscosity. The 200 

stiffer lithosphere and lowermost mantle of V2 cause both the rate of change as well as 201 

the amplitude of dynamic topography to decrease. In effect, these different viscosity 202 

models, which are both constrained by the same geodynamic observations, provide an 203 

estimate of the potential influence of lateral viscosity variations on our results and they 204 

appear to be less than the order of the uncertainties in the density model. It is important to 205 

note that this globally constrained convection model that is not tuned to regional 206 

observations falls well within the range of current estimates of recent topographic 207 

evolution of the southwestern US. The essential ingredient in this successful 208 

reconciliation of mantle dynamics and surface geology is a robust mapping of the 209 



buoyancy forces and their temporal evolution, hence the importance of the new joint 210 

seismic-geodynamic inferences of the 3-D mantle density structure [Simmons et al., 211 

2009]. 212 

 213 

5. Conclusions 214 

 215 

We estimate from the uncertainties of our model (Fig 2c) that the average change in 216 

the dynamic topography of the Colorado Plateau is in the range of 400 to 1100 m over the 217 

last 30 Myrs and that in the last 5 Myrs the change was 100-300 m. Though modest, the 218 

impact of this recent change in dynamic topography may have played an important role in 219 

the formation of the Grand Canyon by establishing a 200 m gradient in the flow direction 220 

of the Colorado River along the Grand Canyon (Fig 2b). Observations support this 221 

predicted gradient [Karlstrom et al., 2008]; however, relating this gradient to surface 222 

faulting requires a more detailed investigation. Moreover, our numerically reconstructed 223 

path of a warm mantle upwelling throughout the Neogene period also provides 224 

compelling support for the idea that the tectonic and magmatic evolution of the 225 

southwestern US has been driven by this mantle upwelling enhanced by the positive 226 

mantle buoyancy under this region [Menard, 1960; Wilson, 1973; Jacobs et al., 1974; 227 

Dixon and Farrar, 1980; Eaton, 1987; Wilson, 1988; Fitton et al., 1991; Parsons et al., 228 

1994]. Indeed, our reconstructed path traces the plate kinematic inference by Dixon and 229 

Farrar [1980] of where the intersection of the Mendocino Transform fault with the East 230 

Pacific rise would have been located if it were not over-ridden by the North American 231 

plate. 232 
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Figure Captions 310 

 311 

Figure 1. Evolution of dynamic topography in the southwestern USA in a fixed North-312 

American reference frame relative to 30 Ma for (a) 25 Ma, (b) 20 Ma, (c) 15 Ma, (d) 10 313 

Ma, (e) 5 Ma, and (f) 0 Ma. Rotations of individual blocks within the fixed North-314 

American reference frame are obtained from tectonic reconstructions [McQuarrie, and 315 

Wernicke, 2005]. Results are shown for V1 and the TX2007 density model and relative to 316 

dynamic topography at 30 Ma [see supplementary information, Fig. S1]. Radial cross-317 

sections of the reconstructed mantle temperature variations from surface to core-mantle-318 



boundary (CMB) along the line A-B, affixed to the rigid North American plate, are 319 

shown on the left for each time frame. Superimposed on these cross-sections are the 320 

corresponding mantle flow velocity vectors. The vectors are extracted from global flow 321 

field in the mantle's no-net rotation frame of reference along a cross section fixed relative 322 

to North America. BR = Basin and Range, CBR = Central Basin and Range, SBR = 323 

Southern Basin and Range, SRM = Southern Rocky Mountain orogen, CP = Colorado 324 

Plateau, GP = Great Plains, OB = Outer Borderland which contains the Patton Ridge. The 325 

Rio Grand rift lies between the CP and the GP. 326 

 327 

Figure 2. Change in Colorado Plateau dynamic topography with respect to (a) 30 Ma and 328 

(b) 5 Ma in a fixed North American reference frame accounting for the slight rotation of 329 

the Colorado Plateau [McQuarrie and Wernicke, 2005]. (c) Evolution of the average 330 

dynamic topography in the Colorado Plateau over the last 30 Myrs. The average is an 331 

area integral of the change in dynamic topography with respect to 30 Ma for each instant 332 

in time. Plotted are the results for two viscosity models shown in (d) that are constrained 333 

by joint inversion of geodynamic and glacial isostatic adjustment observations [Mitrovica 334 

and Forte, 2004] Also shown are the results for two versions of a density model derived 335 

from joint seismic-geodynamic inversions [Simmons et al., 2009]. The TX2009 model is 336 

a damped (smoother) version of the TX2007 model [see supplementary information]. 337 
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Supplementary Section 1 

Dynamic topography and its rate of change are sensitive to both buoyancy forces 2 

used to drive mantle convection and to the adopted viscosity profile.  To investigate the 3 

effect of mantle rheology on our inferences we use two different viscosity models that are 4 

both consistent with mantle convection and glacial isostatic adjustment observations [27]. 5 

We label these viscosity profiles as 'viscosity model 1' and 'viscosity model 2'. Overall, 6 

the total magnitude of the dynamic topography change is minimally affected by the 7 

choice of viscosity model. However, as expected, the rate of change of topography is 8 

affected (Fig. 2c), and therefore the reconstructed position and spatial extent of the 9 

topographic swell is somewhat different (compare Fig. 2a and Fig. S1a).  Also, because 10 

of the stiffer lithospheric mantle in viscosity model 2, the magnitude of the west-to-east 11 

gradient across the Grand Canyon region is also reduced in comparison to viscosity 12 

model 1 (compare Fig. 2b and Fig. S1b). Despite these differences, the total change in 13 

dynamic topography since 30 Ma is close to 1000 m regardless of the adopted viscosity 14 

model (Fig. 2c). 15 

It is evident in Fig. 2c that, in this case, the choice of density model (inferred from 16 

joint seismic-geodynamic inversions [20]) has a greater effect on the calculated uplift of 17 

the Colorado Plateau than the viscosity model. The differences between the 'smooth' and 18 

the 'preferred' density (or temperature) models are shown in Fig. S2. The amplitude of 19 

heterogeneity in the smooth model is considerably less than in the preferred model. As a 20 

consequence, the corresponding change in dynamic topography for the smooth model is 21 

also less than the preferred model. Nevertheless, the modeled uplift over 30 Myrs in the 22 



Colorado Plateau (Fig. S1c) is still significant fort the smooth model as is the 23 

development of a gradient along the Grand Canyon during the last 5 Myrs (Fig. S1d). 24 

Finally, to quantify how much of the uplift is due to deep seated mantle flow, we 25 

remove the upper 200 km of mantle heterogeneity from the density model.  In Fig. S3 we 26 

map the corresponding total dynamic topography change since 30 Ma. On this basis we 27 

conclude that the Neogene Colorado Plateau uplift has been driven by a deep seated 28 

mantle upwelling that is presently centered beneath the Colorado Plateau. 29 

 30 

Supplementary Figure Captions 31 

Figure S1. Change in the dynamic topography within the Colorado Plateau's since (a) 32 

since 30 Ma and (b) since 5 Ma predicted using the preferred density model and viscosity 33 

model 2. Also shown are analogous results for the smooth density model and viscosity 34 

model 1. Compare these results with Fig. 2a-b. 35 

 36 

Figure S2. A comparison between present-day mantle temperature variations associated 37 

with the smooth and preferred density model derived from joint seismic-geodynamic 38 

inversions [20]. The radial cross-section is oriented across the great circle path shown in 39 

Fig. S3. Note the reduced amplitudes in the smooth model. 40 

 41 

Figure S3. Change in southwestern US dynamic topography over the last 30 Myrs as 42 

computed from a model in which the upper 200 km of mantle heterogeneity was 43 

removed. Results are shown for viscosity model 1 and for either (a) the smooth density 44 

model or (b) the preferred density model.  45 
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